1. Crude extracts of Aspergillus oryzae grown under conditions of sulphur limitation possess high arylsulphatase activity. 2. This activity can be greatly enhanced by the inclusion of tyramine or a number of other phenols in the assay medium. 3. The arylsulphatase activity ofthese extracts can be resolved into three distinct fractions by chromatography on DEAE-cellulose. 4. The effect of tyramine is restricted to one of these fractions only. 5. Evidence is presented which indicates that this effect is the consequence ofa phenol sulphotransferase activity, which shows no requirement for 3'-phosphoadenosine 5'-phosphate as a cofactor, and which will not transfer sulphate from 3'-phosphoadenosine 5'-sulphatophosphate to potential phenolic acceptors. 6. The three enzymes differ also in their molecular weights and substrate specificities.
The physiological role of arylsulphatases (arylsulphate sulphohydrolase, EC 3.1.6.1.) in microorganisms has long been a subject for speculation. In recent years, investigations into the function of these enzymes have resulted in a number of important observations on the control of their synthesis, and the phenomenon of sulphur repression is now well established (Cherayil & Van Kley, 1961 ; Harada & Spencer, 1962 Harada, 1964; Rammler et al., 1964; Milazzo & Fitzgerald, 1966; Hussey & Spencer, 1967 ; Dennen & Carver, 1969; Fitzgerald & Payne, 1972) .
Apart from the repression studies, the most interesting observations about the control of synthesis of the enzymes have been reports that tyramine could serve as an inducer of arylsulphatase synthesis. Harada & Kono (1955) reported that the synthesis of arylsulphatase by Aerobacter aerogenes was dependent on the presence of a factor contained in yeast extract and several other commercial peptone preparations. Harada & Hattori (1956) identified-the factor as tyramine, and claimed that hordenine (NNdimethyltyramine) was also effective. Harada (1957) reported that the arylsulphatase activity increased linearly with increases in tyramine concentration up to 1 mM, and that reagents such as azide, arsenate and cyanide inhibited the effect. Harada & Spencer (1964) demonstrated that tyramine was able to relieve the repression of arylsulphatase by sulphur compounds, but that it did not change the sulphur-assimilation pathway. Chloramphenicol and puromycin abolished the effect, suggesting that the compound was acting as an inducer of synthesis. However, Rammler et al. (1964) reported that they were unable to observe any Vol. 149 induction by tyramine under their conditions, although they were apparently using the same strain of bacterium. Hussey & Spencer (1967) reported that the synthesis of arylsulphatase by Aspergilllus nidulans on transfer to de-repressing conditions, could be increased by about 50% if tyramine were included in the culture medium, but the transfer of the fungus from de-repressing to repressing conditions resulted in a repression which could not be relieved by the inclusion of tyramine in the medium. Fitzgerald & Payne (1972) studied the control of arylsulphatase synthesis in Pseudomonas C12B. They reported that the effect of tyramine depended on the source of sulphur, but by using a medium containing both cysteine and methionine, a tenfold increase in activity was observed by the inclusion of tyramine in the growth medium. Adachi et al. (1973) carried out a more detailed investigation into the effect of tyramine on the synthesis of arylsulphatase by A. aerogenes, in which they showed that tyramine had no effect on the arylsulphatase activity of crude cell extracts. The de-repression of arylsulphatase was quite specific in that, of a number of phenols tested, only tyramine, dopamine (3,4-dihydroxyphenethylamine), octopamine and noradrenaline were effective. It is of particular note that both tyramine and inorganic sulphate are required for maximum synthesis.
These observations prompted us to investigate the effect of tyramine on the arylsulphatases of Aspergillus oryzae. Preliminary observations indicated that tyramine greatly enhanced the arylsulphatase activity of crude extracts of this organism. In view of the multiplicity ofarylsulphatases in micro-organisms (Cherayil & Van Kley, 1962 , 1963 Harada, 1964; Fitzgerald & Milazzo, 1970; Apte & Siddiqi, 1971) , attempts were made to resolve the activity of crude extracts in order to determine the specificity, if any, of the effect.
In the present paper we report the results of our investigations into the effect of tyramine on the arylsulphatases of A. oryzae, and a comparison of some of the properties of the enzymes.
Experimental Materials
The potassium salts ofp-acetylphenyl sulphate and p-nitrophenyl sulphate were synthesized by the method of Burkhardt & Lapworth (1926) . Dipotassium 2-hydroxy-5-nitrophenyl sulphate (4-nitrocatechol sulphate) was prepared by the method of Roy (1953) , as modified by Dodgson & Spencer (1956) .
The potassium salts of tyrosine 0-sulphate and tyramine 0-sulphate were prepared by the method of Dodgson et al. (1959) . Preparation ofacetone-driedpowders. The mycelium (450g fresh weight) was filtered and macerated in a 10-fold volume of ice-cold acetone. The resulting slurry was filtered at the pump and the residue was ground in a mortar with a further 10-fold volume of cold acetone. The slurry was filtered again, washed at the pump with cold acetone, then dried to constant weight in vacuo, and stored at -20°C.
Assay procedures. Method A. Routine assays were carried out by the addition of an equal volume of enzyme solution to portions of the substrate (4-nitrocatechol sulphate) made up in 0.2M-sodium acetate adjusted to pH5.9 with 0.2M-acetic acid, so that the final substrate concentration was 20mM. After appropriate incubation times at 37°C (generally 30min), 3 vol. of 0.5M-NaOH was added to stop the reaction and develop the colour of the phenolate anion. The absorbance of the solutions was measured in a Beckman BD GT spectrophotometer (Beckman-RIIC, Croydon, Surrey, U.K.) at 515nm. The amount of product formed was calculated from the molar extinction coefficient of the anion (e1 = 10900 litre mol-l cm'1). Where the activity was to be determined in the presence of tyramine, the latter was made up to the appropriate concentration in the substrate solution.
A similar method was used when p-nitrophenyl sulphate was substrate. The final concentration ofpnitrophenyl sulphate was 1OmM, the incubation buffer was 0.1 M-Tris-HCI, pH7.5, and the liberated phenol was read at 402nm.
MethodB. This method was based on estimation of the sulphate liberated after incubation as in Method A. The method of Dodgson (1961) was modified slightly as follows: 3ml of 4% (w/v) trichloroacetic acid was added to 1 ml of the solution to be tested, followed by 1 ml of the BaCh-gelatin reagent. After being left for 10min, the absorbance of the solutions was measured at 500nm in 1 cm cuvettes, in a Beckman BD GT spectrophotometer fitted with a variable-sensitivity recorder. A standard curve was constructed in the range O(4mM-K2S04. Preliminary experiments showed that greater than 90 % recovery of added sulphate was obtained from incubation mixtures.
Resolution of arylsulphatase activity by ion chromatography on DEAE-cellulose. Acetone-dried powder (lOg) was homogenized with lOOml of0.05 MTris-HCl buffer, pH7.5, prepared by diluting a mixture of 25 ofmolecular weights. Samples of each of the partially purified enzymes were dialysed against 0.2M-sodium acetate buffer, pH 5.9, and 2ml portions were applied to a column (34cmx2.6cm) of Sephadex G-200 (Pharmacia, Uppsala, Sweden) which had been swollen and equilibrated in the same buffer. The column was eluted with the buffer at a flow rate of 20ml/h and 2.5ml fractions were collected and assayed for arylsulphatase activity in the usual manner, except that in view ofthe low activity ofarylsulphatase III, the incubation period for this sample was extended to 1+h. For both arylsulphatase II and III, the assays were carried out both with and without tyramine (5 mM). The elution volumes of a number of proteins of known molecular weight and of Blue Dextran were also determined and the molecular weights of the arylsulphatases were estimated by the method of Andrews (1964) . Thin-layer chromatography. Portions (2ml) of arylsulphatase II were added to four test tubes each containing 2ml of either 60mM-4-nitrocatechol sulphate (pH5.9) or 20mM-p-nitrophenyl sulphate, pH7.5. Then 20mg ofan appropriate phenol was added to the tubes which were incubated at 37°C for 6h. The enzyme mixtures and standard phenols and their sulphate esters (Smg/ml) (2,1 of each) were spotted on silica-gel F254 precoated plates (5cmxlOcm; layer thickness 0.25mm: E. Merck, Darmstadt, Germany). Two solvent systems were used: solvent system I was butan-1-ol-acetic acid-water (50:12:25, by vol.) and solvent system II was ethyl acetate-acetoneacetic acid-water (5:4:2: 1, by vol.). The plates were then developed for several hours, and allowed to dry. p-Hydroxyacetophenone, vanillin and their Vol. 149 sulphate esters were located by examination of the plates under u.v. light (254nm), when they appeared as pink spots. Tyrosine, tyramine and their sulphate esters were located by spraying the plates with 0.2 % (w/v) ninhydrin in water-saturated butan-1-ol, followed by heating for 10-15min at 100°C, when these compounds appeared as purple spots.
To investigate the incorporation of inorganic sulphate into phenolic sulphates by arylsulphatase II, similar experiments were performed with p-nitrophenyl sulphate as substrate and p-hydroxyacetophenone as sulphate acceptor and including 0.5ml of carrier-free Na235SO4 (54.5,uCi/ml) in the incubation mixture. After development of the thin-layer chromatograms, gel containing p-acetylphenyl sulphate was scraped off the plate and extracted with 0.2ml of water. Then 0.1 ml of this extract was dissolved in Sml of ethanolic scintillator and counted in a Packard Tri-Carb liquid-scintillation counter (9% gain; 50-800 channel width). The ethanolic scintillator was 4% (w/v) 2,5-diphenyloxazole (PPO) and 0.4% 1,4-bis-(4-methyl-5-phenyloxazol-2-yl)benzene (dimethyl-POPOP) dissolved in a xylene-ethanol mixture (2:1, v/v). The counting efficiency of this system was found to be 54%.
In experiments to test the efficacy of 3'-phosphoadenosine 5'-sulphatophosphate as a sulphate donor, the above method was scaled down because of the limited availability of 35S-labelled substrate. In these experiments lOpl of arylsulphatase II, purified by DEAE-ellulose chromatography and gel permeation chromatography, were added to 100,ul of 15mM-p-nitrophenol or tyramine hydrochloride in 0.1 MTris-HCl buffer, pH7.5, and 50,l of 0.6mM-3' -phosphoadenosine 5' -[35S]sulphatophosphate (100pCi/,umol). The mixture was incubated at 37°C for 2h and lO0ul portions were spotted on a thin-layer plate as before and developed in solvent system I. Radioactivity was determined in a Packard radiochromatogram scanner (model 7201) fitted with a Packard recording ratemeter (model 385). The scan speed was 12cm/h and the resolution 2mm.
Kinetic measurement of phenol sulphotransferase activity. Phenol sulphotransferase activity was measured with p-acetylphenyl sulphate as sulphate donor and p-nitrophenol as acceptor. In this way the conversion of the p-nitrophenol into its sulphate ester could be followed by the decrease in E402.
To 2ml samples of 0.1 M-Tris-HCI buffer, pH 7.5, containing 90uM-p-nitrophenol and I mM-p-acetylphenyl sulphate was added 0.5 ml ofarylsulphatase II, purified by DEAE-cellulose and gel permeation chromatography. The mixture was incubated at 370C in a Perkin-Elmer 402 spectrophotometer and the E402 was continuously recorded. In some experiments 3'-phosphoadenosine 5'-phosphate (40-800pM final concentration) was also included in the incubation mixture.
Results

Effect oftyramine on crude mycelial homogenates
An homogenate of the acetone-dried powder was made up to a concentration of 0.25mg/ml in 0.2M-sodium acetate buffer, pH5.9, and centrifuged at 2000g for 15min to remove the bulk of the insoluble material. The solution was dialysed overnight at 4°C against 100vol. ofthebuffer, andO.5ml portions ofthe crude enzyme solution were assayed for activity by the standard 4-nitrocatechol sulphate assay modified to contain tyramine hydrochloride over the concentration range 0-4mM. The results are shown in Table 1 . Over this range, the activity increased progressively giving a relative rate of 6.8 at 4mM-tyramine.
Resolution of arylsulphatase activity by ion-exchange chromatography on DEAE-cellulose
The elution profile of the arylsulphatase activity is illustrated in Fig. 1 . Three distinct peaks of activity were observed. The results of assays of the pooled fractions with and without tyramine are shown in Table 2 . The enhancement of activity by tyramine is restricted to fractions II and III, the magnitude of the effect being far greater in the former.
Chromatography on Sephadex G-200 andestimation of molecular weights
The elution profiles of the three fractions I-III above are shown in Fig. 2 . Although arylsulphatase III evidently contains a significant proportion of aryl- Table 1 . Effect of tyramine on the rate of hydrolysis of 4-nitrocatechol sulphate by crude mycelial extracts Portions (0.5ml) of the crude extracts were added to 0.5ml samples of 40mM-4-nitrocatechol sulphate, pH 5.9, containing tyramine hydrochloride over the range 0-8mM. After 20min incubation at 37°C, the reaction was stopped by the addition of 3ml of 0.5M-NaOH and the concentration of 4-nitrocatechol was determined as described in the text. The rate ofnitrocatechol hydrolysis for each tyramine concentration is given relative to the rate in the absence of tyramine.
Tyramine concentration Fig. 2c ). The molecular weights of the three enzymes, estimated by the method of Andrews (1964) , are 105000, 140000 and 57000 respectively. [NaCI] (M) Fig. 1 . Elution profile ofarylsulphatase activity during ionexchange chromatography on DEAE-cellulose Crude extracts of acetone-dried powders were applied to a column (15cmx 1.8cm) of Whatman DE-52 DEAEcellulose. The column was then eluted with lOOml of a linear salt gradient, 0-0.15M-NaCl in 0.05M-Tris-HCI, pH7.5, followed by a further 100ml of a linear gradient, 0.15-0.5M-NaCI. The flow rate during the elution was maintained at 40ml/h, and 2.5ml fractions were collected and assayed for activity by the standard 4-nitrocatechol sulphate assay procedure. The activity is expressed in arbitrary units. Elution volume (ml) Fig. 2 . Elution profiles ofthe partially purified arylsulphatases from Sephadex G-200 Samples of each of the partially purified enzymes from the ion-exchange column were dialysed against 0.2M-sodium acetate buffer, pH 5.9, and 2ml portions of each were applied individually to a column of Sephadex G-200 (34cm x 2.6cm). The column was eluted at a flow rate of 20ml/h, and 2.5ml fractions were collected and assayed for activity as indicated in the text. The activities of the fractions are expressed in arbitrary units. (a) Fraction I; (b) fraction II; (c) fraction 111. 0, Assayed without tyramine; *, assayed with tyramine (5mM final concn.). mixture of 0.5ml of 4-nitrocatechol sulphate (4mM) and 0.5ml of a 10mM solution of the appropriate phenol (except for tyrosine where the concentration was 2mM). The mixtures were incubated at 37°C for 15min followed by the addition of 2.5ml of 0.5M-NaOH. A control sample was included in which the phenol solution was replaced by 0.5ml of buffer only. The results are shown in Table 3 . All the phenols tested exhibited some degree of enhancement, but there appears to be no obvious correlation between the magnitude of the effect and the properties of the phenols. Since the magnitude of the effect reflects both the affinity of the enzyme for the phenol and the effects of the phenol on the catalytic activity of the Vol. 149 enzyme, little information can be drawn from the data without further investigation, other than that the specificity appears to be quite broad. (final concentration); 4ml of4-nitrocatech( (6mM), pH5.9, was added to 2ml samp enzymes. Samples (1 ml) were removed p and assayed for SO42-as indicated in ti mental section. At the same time, 0.2ml sar removed and added to 3.8 ml of0.5M-NaO. concentration of4-nitrocatechol was detern the E515 values of the resulting solutions. I are shown in Table 4 . Under these cond hydrolysis of 4-nitrocatechol sulphate by ar ase II does not proceed with the concomitx Table 4 . Comparison ofproduction of4-nitrocatecholandSO42 during hydrolysis of4-nitrocatechol sulphate by arylsulphatases I and II in the presence of added tyramine Portions were removed periodically from enzyme incubation mixtures of both arylsulphatases I and II, containing 4mM-4-nitrocatechol sulphate and 20mM-tyramine (final concentrations). Reactions were carried out in 0.2M-sodium acetate buffer, pH5.9 at 37°C, and the extent of reaction was determined in terms of the formation of both 4-nitrocatechol and SO42-. Table 6 . Hydrolysis of tyrosine 0-sulphate by arylsulphatases I, II and III Tyrosine 0-sulphate (0.5ml; 60mM) in 0.2M-sodium acetate buffer, pH5.9, was added to 0.5ml of each of the enzyme solutions (previously adjusted by dilution so that they were equal in their activity towards 4-nitrocatechol sulphate) and also to a control containing buffer only. The samples were incubated at 37°C for 18h and the concentration of S042-was then determined by the standard sulphate assay (see the text). Effect of3'-phosphoadenosine 5'-phosphate on phenolsulphotransferase activity
There was no significant effect on the hydrolysis of p-nitrophenyl sulphate by arylsulphatase II in the presence or absence of tyramine when concentrations of up to 8004uM-3'-phosphoadenosine 5'-phosphate were included in the incubation medium.
Similarly when the formation ofp-nitrophenyl sulphate from p-nitrophenol with p-acetylphenyl sulphate as donor was followed by a decrease in E402 the addition of 3'-phosphoadenosine 5'-phosphate up to 800pM was without significant effect.
Discussion
The increased activity ofcrude extracts ofA. oryzae (Table 1) , when tyramine is included in the assay, makes necessary a reappraisal of earlier reports that tyramine can increase the rate of arylsulphatase synthesis in vivo. Although no detailed kinetic studies of the transferase reaction have yet been carried out, preliminary investigations indicate that at appropriate concentrations of 4-nitrocatechol sulphate and tyramine, the rate of hydrolysis of the former can be more than 50 times the rate in the absence oftyramine. The 50% increase in activity observed by Hussey & Spencer (1967) when tyramine was included in the culture medium of A. nidulans could easily be the result of a relatively small quantity of tyramine being present during the assay and not the result of increased synthesis of arylsulphatase. The fact that inhibitors of protein synthesis abolish the increase in activity is not of itself a sufficient condition to exclude direct effects on the activity of the enzyme, since many compounds depend on the presence of relatively specific permeases for their uptake into the cell. In many cases these permeases are themselves inducible, and inhibition of protein synthesis would hence prevent the uptake of the compounds into the cell. Moreover Apte et al. (1974) have shown that once derepression of arylsulphatase commences in A. nidulans, synthesis of the enzyme can continue for several hours after the addition of cycloheximide.
For the bacteria A. aerogenes and Klebsiella aerogenes studies have confirmed that tyramine does affect the synthesis of arylsulphatase and does not produce any effect on the activity of pre-formed enzyme (Adachi et al., 1973) . The control of synthesis of arylsulphatase in these organisms appears to be very complex and de-repression of arylsulphatase by tyramine is dependent on the nature of the carbon source (Adachi et al., 1974) . Further studies are required to establish if tyramine can influence the synthesis of arylsulphatase in the fungi as it does in A. aerogenes and K. aerogenes.
However, our results suggest that in the fungi a distinct mechanism may operate whereby tyramine is able to produce increased arylsulphatase activity by directly influencing the activity ofpre-formed enzyme.
The demonstration of phenol sulphotransferase activity, and the differences in substrate specificity between arylsulphatases I and III (Table 6) indicate that the three enzymes may have different functions within the cell. This being the case, one might expect variation in the response of the three enzymes to inducing and repressing conditions. Unfortunately, studies ofthe control ofsynthesis ofthe enzymes have so far relied on determination of only the total arylsulphatase activity, and no quantitative studies have been made on the response of the individual enzymes, although there is certainly evidence of a differential response (Harada, 1964; Fitzgerald & Payne, 1972) .
The phenolsulphotransferase activity of 'arylsulphatase' II (Tables 4 and 5) suggest that this enzyme functions in vivo as a transferase although, in the absence of externally added acceptors for the sulphate group, it will function in vitro as a typical arylsulphatase.
The enzyme reaction appears to involve a mechanism quite distinct from that of mammalian phenol sulphotransferases. Mammalian phenol sulphotransferases catalyse the transfer of the sulphuryl group from 3'-phosphoadenosine 5'-sulphatophosphate to a suitable phenolic acceptor (see Roy & Trudinger, 1970) . In some circumstances transfer of the sulphate group from p-nitrophenyl sulphate to a suitable phenolic acceptor can be demonstrated (Gregory & Lipmann, 1957; Brunngraber, 1958) . In this respect it is similar to the A. oryzae enzyme. However, the mammalian enzyme requires 3'-phosphoadenosine 5'-phosphate as a cofactor, with 3'-phosphoadenosine 5'-sulphatophosphate presumably being formed as an intermediate. The arylsulphatase II of A. oryzae appears to catalyse a similar reaction, but does not depend on the presence of 3'-phosphoadenosine 5'-phosphate nor can 3'-phosphoadenosine 5'-sulphatophosphate function as a sulphate donor.
Another significant difference between the mammalian phenolsulphotransferases and that of A. oryzae is the ability of the latter to sulphate tyrosine in addition to a wide variety of other phenols. Tyrosine itselfis not a substrate for the mammalian sulphotransferases (Nose & Lipmann, 1958; Grimes, 1959) , although derivatives of tyrosine in which the carboxyl group is blocked and the amino group is free, can be sulphated (Segal & Mologne, 1959) . In rat liver, the sulphurylation of tyrosine derivatives and tyramine was catalysed by an enzyme distinct from that catalysing the sulphurylation of other phenols (e.g. pnitrophenol; Mattock & Jones, 1970) .
It thus appears that there are large differences between the reactions catalysed by the mammalian systems and that of A. oryzae, in terms of both substrate specificity and cofactor requirement.
The presence of a phenol sulphotransferase in A. oryzae suggests that phenyl sulphates may be ofmore widespread occurrence in micro-organisms than has hitherto been thought. The apparent lack of natural substrates for the enzymes has made it difficult to account for the rather widespread occurrence of the arylsulphatases in both fungi and bacteria. If such organisms are in fact capable of producing a variety of substrates then the need for arylsulphatases becomes apparent. At the present time, the significance of these enzymes in micro-organisms is not yet clear, although in the mammalian system there is now strong evidence that arylsulphatase A is a cerebroside sulphatase (Mehl & Jatzkewtiz, 1968; Jerfy & Roy, 1973) and that arylsulphatase C is an oestrogen sulphatase (Dolly et al., 1972) .
Our observations that tyrosine 0-sulphate can be formed by 'arylsulphatase' II and hydrolysed only by arylsulphatase I (despite a rather low affinity) suggest the possibility that the enzymes may comprise a complementary system for regulating the levels of certain metabolites and their inactive or storage forms. It is conceivable that the enzymes are important in both sulphate assimilation and phenol metabolism, which would account for the apparent regulation of their 1975 activity by both sulphur compounds and by phenols such as tyramine.
Further studies on the control of synthesis of the individual enzymes and a systematic search to identify their natural substrates should enable the functional significance ofthe arylsulphatases in micro-organisms to be finally established.
